To explore the efficacy of tranexamic acid (TXA) on reducing hidden blood loss (HBL) in total knee arthroplasty (TKA) by conducting a comparative study and meta-analysis.
Background
Total knee arthroplasty (TKA) remains one of the most effective treatments for advanced knee arthritis to correct deformity, relieve the repeatable pain and maintain stability of the knee [1] . The requirement of hip and knee arthroplasties in United States has been steadily increasing [2] . However, there can be considerable blood loss during the TKA which may be due to the extensive dissections and increased fibrinolysis [3] . Moreover, TKA usually complicated with higher volume of hidden blood loss (HBL) [4] . HBL refers to the intraoperative hemorrhagic volume, postoperative drainage and volume of blood spread in to tissue space and articular cavity [5, 6] . And it has been reported that the early postoperative HBL can significantly contribute to the postoperative lower limb swelling [7] . Currently, remarkable blood loss after TKA as well as postoperative blood transfusion requirement remains a major concern for patients undergone TKA [8] . However, given its significant impact on TKA patients, HBL has not received enough attention [9] .
Nowadays, plenty of blood-conserving techniques have been introduced in TKA procedure to decrease blood loss and transfusion requirements, including controlled hypotension, cell salvage, use of drain, the use of tourniquet and antifibrinolytic agents [10] . Tourniquet is commonly used in TKA to obtain a clear surgical field and to reduce intraoperative blood loss [11] . However, the main advantages of tourniquet remain controversial and evidence has been demonstrated that the application of tourniquet in TKA has not been shown to improve the performance and may increase the risk of complications [11] . In recent years, antifibrinolytic agents such as tranexamic acid (TXA) have gained widely popularity in TKA surgery to decrease blood loss and transfusion [12] . Among the available antifibrinolytic agents, TXA is believed to have the maximum of antifibrinolytic potency and minimum of side effects [13] . Therefore, it has been widely applied to stop bleeding in dental surgery, cardiac surgery, heavy menstrual bleeding [14, 15] . TXA is a reversible lysine analogue that competes with the lysine residues on fibrin for the binding of plasminogen thus inhibiting the fibrinolysis and stabilizing clot [16] . It has been suggested that TXA is safe and effective on reducing postoperative bleeding in orthopedic procedures [17] . The role of TXA in decreasing death risk within the first three hours in patients who suffered from heavy blood due to trauma was well documented [18] . Moreover, a variety of studies confirmed that TXA can serve a potent inhibitor in reducing blood loss during TKA [8, 19, 20] . However, limited information has been presented regarding the efficiency of TXA in reducing HBL. Therefore, to further clarify the role of TXA regarding HBL in TKA surgery, a comparative study and a meta-analysis was also performed.
Material and Methods

Ethics statement
The study was performed with the approval of the Ethics committee of West China Center of Medical Sciences, Sichuan University. All patients provided written informed consents before study. All procedures in this study were in accordance with the Helsinki Declaration [21] .
Subject
From March 2012 to December 2014, 108 patients in our hospital prepared for unilateral TKA or one-stage bilateral TKA were included in current study. Patients were excluded if they presented with any blood disease, or diabetes, or any coagulation disorders or any history of thromboembolism. Finally, the 108 patients underwent TKA (49 males and 59 females) with mean age of 65.8±11.2 years (range 45~78 years) were randomly assigned to experimental group and control group (1:1) using a simple randomization test.
Intervention methods
All procedures were performed by surgeons in the same team and all implants were cement artificial prostheses. The only treatment difference between groups was the administrations of TXA and normal saline (intravenous drip). The surgery duration was controlled under 90 min. Patients were under intravenous combined anesthesia before surgery. An incision was made by knee centric notch inside knee cap through medial patella for patella repair. Limb tourniquet and exsanguination were applied preoperatively and the pressures for tourniquet were 100 mmHg higher than patients' systolic pressure. Drains were left in situ for postoperative bleeding, followed by incision closure and pressure bandaging. Blood pressure were monitored and measured each day in the morning using an automated device (Omron model 705 IT; Omron Corporation -Healthcare, Kyoto, Japan). Coded ampoules containing either TXA (100 mg/mL Cyklokapron; Pharmacia) or saline as placebo were prepared by Apoteksbolaget, Umeå, Sweden. Immediately after the operation, the patients in experimental group received an administration of TXA (15 mg/kg) mixed in 100 mL normal saline, while control group were given for the same volume of normal saline [22] . In the morning, 5 mL venous blood was extracted from each patient with empty stomach. Then blood samples were added with ethylenediaminetetraacetic acid disodium salt (EDTA-Na 2 ) for anticoagulation and maintained at room temperature for 30 min. After centrifugation at 3000r/min for 10 min, the samples were under supernatant separation and saved at Eppendorf (EP) tubes in a refrigerator at -80°C for further usage. Enzyme linked immunosorbent assay (ELISA) was applied for blood test using an automatic microplate reader (Finland, Thermo muhiscan ascent). 
Outcome assessment
The volumes of blood loss, drainage and transfusion in each group were recorded to calculate the measured/hidden red blood loss (RBL). Hematocrit (Hct) was recorded preoperatively and 72 h postoperatively. Coagulation indexes including contractinogen (Fib), prothrombin time (PT) and activated partial thromboplastin time (APPT) were observed intraoperatively and postoperatively. Transfusion volume and transfusion requirements during the whole procedure were recorded for further analysis. Measured blood loss refers to the intraoperative and postoperative blood loss. In this case, with the application of tourniquet and exsanguination, the blood loss during the surgery was negligible. Postoperative blood loss refers to the sum of drainage and net increase of bandages. Routine blood tests were done in the morning on the preoperative day and on the first and third postoperative day to record hemoglobin and Hct.
Patient's blood volume (PBV) was estimated according to the formula of Nadler et al. [23] . PBV= k1 × height (m) + k2 × weight (kg) + k3; where k1 = 0.3669, k2 = 0.03219, k3 = 0.6041, for men; and k1 = 03561, k2 = 0.03308, k3 = 0.1833 for women. HBL was calculated based on Gross equation [24] : Total blood loss = PBV × (preoperative Hct -postoperative Hct); Measured blood loss = (intraoperative blood loss + postoperative drainage) × (preoperative Hct + postoperative Hct) ÷ 2; HBL = total blood loss -measured blood loss + RBL transfusion.
Statistical analysis
All data analyses were performed by use of Stata 12.0 (Stata Corporation, College Station, TX, USA). Categorical data are presented with percentages and frequency counts. The c 2 test was used to compare the percentages and frequencies, and continuous data are presented with mean ± standard deviation (mean ±SD). PubMed, WANFANG, China National Knowledge Infrastructure (CNKI), and VIP databases were thoroughly searched for articles published prior to 2013, utilizing the search terms ("tranexamic acid" or "AMCHA" or "TXA") and ("arthroplasty replacement knee" or "total knee replacement" or "TKA") and ("Hidden blood loss" or "HBL"). More than 2 investigators were employed for data extraction, with disagreement solved by discussion or consultation. Standard mean difference (SMD) with 95% confidence intervals (95%CI) was calculated by either random-effects model or fixed-effects model to evaluate the correlation between TXA and HBL in TKA. The Z test was utilized to evaluate the effect size [25] . Cochran Q and I 2 were applied to measure the heterogeneity [26, 27] . Significant heterogeneity was confirmed with P<0.05 or I 2 ³50%. The fixed-effects model was used with the absence of heterogeneity; otherwise, the random-effects model was employed [28] .
Results
Baseline characteristics
The basic details of the patients in both experimental and control groups are presented in Table 1 . No significant differences in sex, body mass index (BMI), or age were detected between the 2 groups (all P>0.05). Preoperative hemoglobin and Hct in the control group were not significantly different from those in the experimental group (both P>0.05).
Blood loss and transfusion
Our results demonstrated that intraoperative and postoperative blood loss in the experimental group were both significantly decreased compared with those in the control group (intraoperative blood loss: 105.1±12.1 mL vs. 185.5±20.3 mL, t=25.01, P<0.001; postoperative blood loss: 220.7±16.8 mL vs. 290.5±22.4 mL, t=18.34, P<0.001). There were 2 cases (3.70%) of transfusion in the experimental group, which is in contrast to the 14 cases (25.93%) in the control group (c 2 =10.57, P=0.001).
RBL and Hct
Postoperative Hct in the control group was notably reduced compared to that in the experimental group (P<0.001), but no significant difference was found in preoperative Table 2) . Increased PBV and total RBL were observed in the control group but not in the experimental group (both P<0.001). Furthermore, measured RBL was reduced to 38 mL and hidden RBL was 193 mL in the experimental group in comparison with the control group. Clinical assessment did not find any deep vein thrombosis (DVT) in either group.
Coagulation indexes
The comparisons of intraoperative Fib between the 2 groups was not statistically significant (P=0.427), and similar results was found in postoperative Fib at 3 h and 6 h (postoperative 3 h: P=0.254; postoperative 6h: P=0.349). The PT and APPT were also not significantly different between the groups, both intraoperatively and postoperatively (3 h and 6 h) (all P>0.05) ( Table 3) .
Meta-analysis outcomes
The predefined searching strategy resulted in a total of 480 articles. After removing the duplications (n=12), letters or reviews (n=20), unrelated to human (n=68), and unrelated to research topic (n=240), 140 studies were left for further evaluation. Then a total of 133 studies were excluded, resulting in the inclusion of 7 comparative studies in the present meta-analysis. The 7 studies enrolled 530 patients for TKA, with 250 patients in the experimental group receiving TXA, in contrast to 280 patients in the control group subject to sterile placebo (natrium muriaticum). Among the 7 included studies, 4 studies were conducted in Asia, 2 in Sweden, and 1 in Spain [29] [30] [31] [32] [33] [34] [35] . The sample size was from 51 to 100. The publication year of the included study was from 2003 to 2014. Cochran's Q-statistic and I 2 test revealed the presence of heterogeneity; therefore, the random-fixed model was applied for data analysis (I 2 =96.5%, P h <0.001). The meta-analysis results found that the application of TXA can significantly decreased the HBL, with statistical significance (SMD=2.68, 95%CI=1.55~3.80, P<0.001) (Figure 1 ).
Discussion
Blood loss and blood transfusion requirements are significant risk factors in TKA. Blood transfusion often has several Table 3 . Comparison of coagulation indexes on intraoperative tourniquet relief at 3 and 6 h after surgery in experimental and control group patients.
Fib -contractinogen; PT -prothrombin time; APPT -activated partial thromboplastin time. [10, 36, 37] . The major results in this comparative study revealed that the group administered TXA had a remarkable decreased volume of intraoperative and postoperative blood loss, as well as notably decreased transfusion need, which was in agreement with the summarized results from our meta-analysis, suggesting that the administration of TXA can remarkably reduce total blood loss and postoperative blood loss in TKA and reduce need for transfusion. TXA plays an important role in plasminogen activation by acting as a competitive inhibitor and it interferes with fibrinolysis, resulting in inhibition of fibrinolysis; therefore, potentially decreasing blood loss and transfusion need [4, 12] . TXA exerts an antifibrinolytic effect by blocking lysine binding sites, thereby inhibiting the interaction of plasmin fibrin [38, 39] . This observation is consistent with a study in 124 patients by Wong et al. that reported TXA can significantly reduce postoperative bleeding after TKA [17] . Haoran Zhang reported that TXA significantly decreased postoperative blood loss after TKA, resulting in a significant reduction of blood transfusion requirement [37] .
800
Although complications due to thrombosis caused by fibrinolytic inhibition have been a concern in TKA [40] , no DVT was found in either group in this study, implying that TXA does not increase the risk of DVT, which was in agreement in a previous meta-analysis [4] . In the current study, serial changes in Hct levels were also obtained to more accurately estimate the total blood loss. The results in our comparative study also demonstrated that the experimental group using TXA had notably reduced postoperative Hct, PBV, and total RBL, suggesting that TXA can notably decrease both measured and hidden RBL in TKA. Furthermore, this observation was in agreement with the results in our meta-analysis, revealing the potency of TXA in HBL reduction in TKA.
The originality of this study needs to be mentioned. Firstly, different from previous studies investigating the efficiency of TXA in blood loss in TKA, our study was performed from a totally different perspective, focusing on the potency of TXA in HBL reduction in TKA, since TKA can have considerable HBL. Secondly, to better confirm the results in our meta-analysis, we also added a comparative study to analyze and validate the efficiency of TXA in HBL. Some limitations should be noted. First, this study had a rather small sample size with only 54 cases distributed to each group. Additionally, the differences in ethnicity, sex, and surgical technologies among studies may have contributed to the presence of heterogeneity. We failed to further explore the sources of heterogeneity. Furthermore, this experimental and control study and meta-analysis focused only on the efficacy of TXA in reducing HBL, and no evaluation of functional scoring or patient satisfaction was conducted.
Conclusions
The present comparative study and meta-analysis proved that TXA can result in the reduction of HBL in TKA and no DVTs were found as complications. Because of the small sample size in the present comparative study regarding the use of TXA, more studies with large sample sizes are needed to validate these findings. 
